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Abstract.

Without stringent reductions in emission of greenhouse gases in the coming years,
an exceedance of the 1.5C temperature limit would become increasingly likely. This
has given rise to so-called temperature overshoot scenarios, in which the global
mean surface air temperature increase above pre-industrial levels exceeds a certain
limit, i.e. 1.5C, before bringing temperatures back below that level. Despite their
prominence in the climate mitigation literature, the implications of an overshoot
for local climate impacts is still understudied. Here we present a comprehensive
analysis of implications of an overshoot for regional temperature and precipitation
changes as well as climate extremes indices. Based on a multi-model comparison
from the Coupled Model Intercomparison Project (CMIPG6) we find that temperature
changes are largely reversible in most regions, but also report significant land-ocean
and latitudinal differences after an overshoot. For precipitation, the emergent picture
is less clear. For regions where significant changes in precipitation can be identified, a
reversibility of those changes is the exception, with most regions experiencing increased
drying or wetting after an overshoot. This effect is even more pronounced for extreme
precipitation. Taken together, our results indicate that even under a reversal of global
mean temperature increase, regional climate changes may only be partially reversible,
if at all. We thus provide further evidence that overshooting of a warming level implies
irreversible changes.

1. Introduction

The global mean surface air temperature increase above pre-industrial levels is about
1.3°C to date [I]. Without stringent emission reductions in the near-term, an exceedance
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of 1.5°C of global warming thus becomes increasingly likely [2]. As a consequence, so-
called overshoot scenarios that temporarily exceed 1.5°C before bringing temperatures
back down below that level by means of net negative CO2 emissions have risen to
prominence in the mitigation literature[2, [3]. For time-lagged climate impacts such as
cryospheric changes or sea-level rise, temperature overshoot will lead irreversible impacts
[4,5]. However, the question of reversibility is less established for changes in atmospheric
variables such as temperature and precipitation.

In observations the climate is warming globally with diverse physical impacts
regionally [0] and most climate simulations are run for emission scenarios where this
warming is continued. Although one would expect that regional changes reverse when
climate is cooling in an overshoot scenario, there are different effects that would lead
to non-linearities in the evolution of regional climate signals. While changes in some
indicators such as GMST [7] or Arctic sea-ice can be reversed [§], a hysteresis is expected
for parts of the carbon cycle, ocean heat content or the inter-tropical convergence zone
18, 9, [10].

One factor leading to this hysteresis is the lagged response of the ocean to increased
greenhouse gas concentrations in the atmosphere. While the atmosphere responds fast
to changes in greenhouse gas concentrations, the ocean has a larger inertia leading to
a slower response and considerable lagged effects that will still change the climate for
decades and centuries [11, [12] 13, [14]. This already implies that the transient state
of a 1.5C climate is different from a climate state that is stabilized at 1.5C [15, [16].
The period after peak warming in an overshoot scenario is an extreme case where the
instantaneous effect of CO2 reduction is superimposed by the lagged effect of CO2
increases of the decades before peak warming.

Besides the superposition of a fast response to decreasing CO2 concentrations and
a slow response to the warming of the decades before peak warming, local feedback
mechanisms as well as changes in aerosol concentrations can contribute to differences in
climate impacts between the period when the climate is still warming and the period
after peak warming.

Here we present an overview of regional climate signals in two overshoot scenarios
(SSP5-34-0O8S and SSP1-19) with a focus on regional climate signals that change their
dependence on GMST throughout the overshoot. We analyze how regional climate
signals evolve in the period before and after peak warming. By comparing the strength
of the dependence of these changes on GMST before and after peak warming we assess
to which extend changes during the warming period of the overshoot are reversed during
the cooling period after peak warming. This analysis gives a first overview of climate
impacts of overshooting a global warming goal and helps to identify hot-spot regions
where considerable additional climate impacts have to be expected.
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2. Data & Methods

2.1. Climate projections of overshoot scenarios

We analyze Earth System model simulations from the sixth phase of the Coupled Model
Intercomparison Project (CMIP6 [I7]) for the emission scenarios SSP5-34-OS and SSP1-
19 from the Scenario Model Intercomparison Project (ScenarioMIP [I8]). The SSP5-34-
OS scenario is an idealized and rather unrealistic scenario where greenhouse gases are
emitted at a high rate until 2040 with strong mitigation thereafter until net-zero CO2
emissions are reached in 2065 and CO2 concentrations in the atmosphere are further
reduced from there on (see fig. [lh). The SSP1-19 is a strong mitigation scenario with
only a moderate overshoot. In addition to these two overshoot scenarios we also use pre-
industrial control simulations (piControl) to compare regional trends in the overshoot
scenarios to trends originating from internal climate variability.

We aggregate the gridded climate projections into 46 land regions and 12 oceanic
regions (see fig. following the regional aggregation of the sixth assessment report of
the Intergovernmental Panel on Climate Change [6]. For land regions, we only consider
grid-cells that are considered as land-cells in the model and vise versa for ocean regions.
When averaging over grid-cells of one regions, grid-cells are weighted by their area within
the region.
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Figure 1. a: CO2 emissions (left y-axis) and methane emissions (right y-axis) since
2020 in the SSP5-34-OS scenario. c¢: Global mean surface temperature (GMST)
projections from CMIP6 for the SSP5-34-OS scenario. e: timing of peak warming
in the CMIP6 projections of the SSP5-34-OS scenario. b: as (a) but for the SSP1-19
scenario. d: as (c) but for the SSP1-19 scenario. f: as (e) but for the SSP1-19 scenario.

For our analysis, we exclude runs that do not cool down to 0.2K below peak warming
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Table 1. Number of analyzed simulation runs grouped by CMIP6 model and scenario.
The number of available runs with monthly or daily output differs and is provided

separately.
monthly daily
Model name | SSP5-34-OS | SSP1-19 | SSP5-34-OS | SSP1-19
ACCESS-ESM1-5 1
CESM2-WACCM 1
CanESM5 5 42 42
EC-Earth3 15 14
EC-Earth3-Veg-LR 3 3
FGOALS-g3 1
GFDL-ESM4 1 1
GISS-E2-1-G 4
IPSL-CM6A-LR 1 6 6
MIROC-ES2L 1 3 1 3
MIROC6 1
MPI-ESM1-2-LR 23 23
MRI-ESM2-0 1 1 1
UKESM1-0-LL

until 2100 (for 31-year averaged GMST). The used models as well as the number of runs
for each of the scenarios is listed in table [Il

Besides monthly surface air temperature (tas) and precipitation (pr), three climate
extreme indices are analyzed: The yearly maximum of daily maximum temperatures
(TXx), the yearly minimum of daily minimum temperatures (TNn) and the yearly
maximum daily precipitation (RX1day). These indices were calculated for runs for which
daily maximum air temperature, daily minimum air temperature and daily precipitation

is available (see table [1]).

2.2. Peak warming

GMST trajectories are smoothed with a 31-year running average. The timing of peak
warming in each simulation is defined as the average of all years in which the smoothed
GMST is less than 0.025K smaller than the highest GMST value in the simulation.

peak timing = {year | GM ST 0. — GM ST (year) < 0.025K } (1)

As shown in figure [T} global mean surface temperatures peak around the time when
net-zero CO, emissions are reached. In the SSP5-34-OS scenario most models reach
peak warming between 2060 and 2070. In the SSP1-19 scenario, most ESMs reach their
peak GMST between 2040 and 2060.
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2.3. Period before and after peak warming

In the following, changes in regional climate signals before and after peak warming are
analyzed. To allow comparability, the periods before and after peak warming have the
same length (30-40 years depending on timing of peak warming). This period length
is limited by period between peak warming and the end of the simulations. For each
simulation run this period length is assessed individually. We do not consider simulations
after 2100 as they are only available for a very small set of models.

2.4. Dependence of regional climate variables on GMST

In each simulation we compare the strength of the dependence of regional climate signals
on GMST before and after peak warming. As an estimate of the dependence on GMST
we use the slope f of a linear regression between the climate signal and GMST. If the
median of the trends from simulation runs of a model after peak warming is 50% stronger
than before or vice versa we consider the dependence on GMST as different. Note that
for many models only one simulation is available and this change in GMST dependence
should be interpreted with caution.
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Figure 2. Anomalies in annual mean surface air temperature over the Arctic Ocean
(turquoise lines) plotted against an unconventional x-axis: GMST anomalies with
respect to peak warming GMST until peak warming (vertical dashed line) and the
same from there on but after peak warming. The purple and red lines indicate the
trends versus GMST before and after peak warming. The trend lines are shifted
such that they all meet at peak warming. The thicker lines indicate the ensemble
median trends. For the period after peak warming, the median trend from before peak
warming is shown as a thick dashed purple line. The shading around this line indicates
the area in which the trend after peak warming would not differ by a factor of 1.5. a:
CanESM5 simulations. b: GISS-E2-1-G simulations. ¢: MPI-ESM1-2-LR simulations.
d: Overview scatter plot showing change in tas per degree of GMST warming before
peak warming versus change in tas per degree of GMST cooling after peak warming.
The upper left and bottom right quadrants are colored in dark red and dark blue
to indicate locations where tas changes are continued after peak warming. The light
shading in the upper right and bottom left quadrants indicate the regions where the
dependence on GMST after peak is considerably differs from the dependence on GMST
before peak warming based on the analysis explained in section
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2.5. Detection of robust changes

The main analysis is based on forced changes in local climate signals before and after
peak warming. FEvaluating whether a simulated trend has been forced by changes in
GMST is challenging as the changes in GMST around peak warming are relatively slow
(particularly in SSP1-19) and the analyzed periods can be quite short. The simulated
trends in regional climate signals can be in the range of trends that could occur as
a result of internal climate variability. Therefore, for each period (before and after
peak warming) we test whether the trend is common in control simulations without
anthropogenic forcing (piControl). If the detected trend exceeds the 95th (or is below
the 5th) percentile of all trends found over periods of identical length in piControl
simulations we reject the null-hypothesis that the detected trend is a result of internal
climate variability.
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Figure 3. a: Annual mean surface air temperature over the Arctic Ocean projected
for the SSP1-19 scenario by the model IPSL-CM6A-LR (turquoise). The trends before
peak warming (purple) and after peak warming (red) are adjusted to match the annual
temperatures in the 30-year period around peak warming. Gray lines show trends
found in the piControl run that have the same length as the period before and after
peak warming. These lines are also shifted with the 30-year average tas around peak
warming. b: piControl simulations of annual mean temperatures for the same region.
Red lines indicate periods that have stronger trends than the trend after peak warming.

The above described method is applied for models for which less than four
simulations are available. If four or more simulations are available we consider changes
as forced if 75% of the simulations agree on the sign of change.
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2.6. Classification of behavior around peak warming

The behavior of local climate signals around peak warming is complex and requires
some tedious and in-depth analysis. Here we start, by classifying the behavior around
peak warming in the following flavors: “continued”, “reversed”, “partially reversed”,
“overcompensated”, “stabilized”, “unexpected change” and “unclear”.

Table 2. Classification of evolution of local climate signals around peak warming into
representative types. Combining the dependence of the local climate signal on GMST
before Bpefore and after B, fie, peak warming (from sec. with the evaluation of
whether the projected trends could occur as a result of natural variability (from sec.
the evolution of the climate signal is classified in the following types: continued,
reversed, partially reversed, overcompensated, stabilized, unexpected change and
unclear

sec. sec.
3| £
EEE
N AIEY EN
S I I I RSN o (o =
v v v |V //VI ) continued
v v v TN 2
v v Vv A reversed
Vv VAR A
v v IV v |V /\ A partially reversed
Vv v vl | NS A
v v VIV Y /\ A overcompensated
Vv el A
v v A stabilized
/ |
v v -+Z A unexpected change
v N A
- A unclear

For the cases continued, reversed, partially reversed and overcompensated the trends
before and after peak warming have been identified as forced trends. For reversed the
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dependence of the climate variable on GMST does not change considerably. In partially
reversed the trend after peak warming is at least 50% less strong than before and in
the case overcompensated the trend after peak warming is at least 50% stronger than
before. In the case continued the dependence on GMST changes sign and the trend in
the regional climate variable is continued irrespective of the change in GMST trend.

The case stabilized is an unexpected stabilization that can be seen as a more extreme
version of partially reversed: while for the period before peak warming the changes in
the local climate signal clearly exceed changes that could be expected from internal
climate variability this is not the case after peak warming.

The case unexpected change is the inverse of case stabilized where changes cannot
be differentiated from natural variability before peak warming but after peak warming
a robust forced change is simulated. This case could hint towards mechanisms in the
climate system that factor each other out before peak warming but do not afterwards.

Table [2|lists all the possible behaviors for temperature indicators. The color coding
on the right side indicates which behaviors would lead to higher or lower temperatures
at the same GMST level before and after peak warming. The color coding on the right
color is used in the following to specify the behavior in an ESM.
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3. Results

3.1. Surface air temperature

While greenhouse gas concentrations rise, annual mean temperature rises around the
globe. Therefore, in all regions annual mean temperature increases until peak warming.
When GMST is decreasing after peak warming, annual temperature also decreases and
in many regions changes are reversed in the decades after peak warming (see figure 4)).
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Figure 4. Changes in annual mean surface air temperature around peak warming.
Each regional pie-plot follows the logic of table Red (blue) colors indicate that
the overshoot leads to warmer (cooler) local conditions. If the inner part of a circle
segment is white (gray) it means that there is no robust trend after (before) peak
warming. Large circle segments indicate that at least four runs could be analyzed for
this earth system model. See figure [12| for region names.

Over the Southern Ocean (SOO) and south Atlantic (SAO) most models project
a weaker cooling in the period after peak warming as compared to the warming before
peak warming. As a result, at the same GMST level, annual air temperatures over these
regions are projected to be warmer after peak warming than before. These findings are in
line with [12] who showed that in the fast response to increases in CO2 concentrations
the warming over the Southern Ocean is suppressed while in the slow response it is
not. Similarly, over north eastern North America (NEN), Greenland (GIC) and the
Arctic ocean (ARO) the cooling as a response to a decrease in CO2 concentrations is
superimposed by a lagged warming effect from the preceeding decades.

There are also regions where models project an overall “cooling effect” of the
overshoot. These regions are mostly land regions and the north Atlantic (NAO). Here,
the warming before peak warming is overcompensated after peak warming leading to
cooler temperatures at the same GMST level. Surface air temperatures over land regions
react quickly to changes in CO2 concentrations and lagged effects only occur indirectly.
Note that the relatively quicker decrease in regional temperatures could be an artifact
of our method that is focused on GMST levels: while in some regions the cooling in the
period after peak warming is damped by lagged warming effects (SOO) other regions
have to level that effect off by cooling faster with respect to GMST.
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As shown in figure [5| there are models that show a consistent hemispheric dipole
pattern with warmer temperatures in the southern hemisphere after peak warming
and cooler temperatures in the northern hemisphere (CESM-WACCM, GISS-E2-1-G,
MRI-ESM2-0). There are, however, also models that show a consistent warming of
the Arctic with diverse changes elsewhere (CanESM5, EC-Earth3-Veg-LR, FGOALS-
g3). Differences in ocean dynamics between models, potentially linked to time-lagged
dynamics of the Atlantic meridional overturning circulation (AMOC) [19], might be the
main reason for these opposite signals in the Arctic.

a b c
CESM2-WACCM (1) GISS-E2-1-G (4) MRI-ESM2-0 (2)

Figure 5. Changes in annual surface air temperature around peak warming. The
coloring of land-region hexagons and ocean-region circles follows the logic of table
Red (blue) colors indicate that the overshoot leads to warmer (cooler) local conditions.
If the inner part of a region is white (gray) it means that there is no robust trend after
(before) peak warming.

A closer look at north east North America reveals that some of the effects of an
overshoot can be quite significant, in particular on seasonal scales. When GMST has
cooled down by 0.2K relative to peak warming, winter temperatures are projected to
be up to 0.4K warmer or cooler as compared to the same GMST level before peak
warming (see fig. @ For spring, GFDL-ESM4 and MIROCG6 project a continued
warming after peak warming although the warming in the period after peak warming
cannot be distinguished from natural variability. In JJA and SON there is no agreement
between models and many models show a reversal of changes that are projected to occur
throughout the overshoot.
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Figure 6. Changes in northeast North America annual surface air temperature around
peak warming. a: pie-plots as in fig. [} b: overview scatter plot showing change in tas
per degree of GMST warming before peak warming versus change in tas per degree of
GMST cooling after peak warming. The upper left and bottom right quadrants are
colored in dark red and dark blue to indicate locations where tas changes are continued
after peak warming. The light shading in the upper right and bottom left quadrants
indicate the regions where the dependence on GMST after peak is considerably differs
from the dependence on GMST before peak warming based on the analysis explained
in section [2.4] ¢: Difference in tas between after and before peak warming at GMST
levels 0.2K cooler than peak warming. These values are estimated from the trend
versus GMST before and after peak warming. d-f as a-c but for December-February.
g-i as a-c but for March-Mai. j-1 as a-c but for June-August. m-o as a-c but for
September-November.



This is a preprint. Submitted - before peer review 13

3.2. Precipitation
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Figure 7. As figure [d but for annual precipitation.

Precipitation does not follow GMST as closely as surface air temperatures as
precipitation changes are dominated by circulation changes. Therefore, the evolution of
precipitation throughout the overshoot is more complex and there is a wider variety of
possible combinations of trends before and after the overshoot. Overall, there are only
few regions where changes in the warming period of the overshoot are robustly reversed
afterwards (see fig. . In many regions, the period after and before peak warming are
to short to identify robust changes and more simulations would be required to analyze
the evolution of precipitation changes around the overshoot. In figure [7] this is reflected
by many gray circle segments in regional pie-charts.

For the Sahara (SAH), West Africa (WAF) and central Africa (CAF) drying is
projected as a result of the overshoot. In the case of West Africa an increase in
precipitation is projected by most models in the period where the global climate is
warming. The drying in the period when the climate is cooling is however considerably
stronger leading to drier conditions after the overshoot at the same GMST level (see
fig. —c). GISS-E2-1-G projects a decrease in precipitation before as well as after peak
warming leading to 3% less annual precipitation after the overshoot. This finding is in
line with Samset et al. [20] who shows that an increase in greenhouse gas concentrations
first leads to more precipitation over western Africa but to a drying in the long-term
and a similar effect has also been found in a longer overshoot experiment with the
community earth system model [10].

Over East Asia (EAS), South Asia (SAS) and South-East Asia (SEA) models
consistently project an increase in precipitation as a result of the overshoot. For
East Asia (EAS), the majority of models project a continued increase in precipitation
irrespective of the reduction in GMST. The consistent increase in precipitation in the
period approaching net-zero CO2 emissions is likely a result of a decrease in aerosol
concentrations over eastern Asia [21) 22, 23]. The differences in annual precipitation
between after and before peak warming at the same GMST are therefore expected.
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annual precipitation over West Africa (WAF a-c) and
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3.3. Climate extremes indices

As for surface air temperature, changes in temperatures of the hottest days (TXx) and
the coldest nights (TNn) are projected to be reversed in many regions (see fig. |§| and
. In regions such as the Southern Ocean or the Arctic Ocean, some models project
an increase in TXx and TNn that is only partially reversed after peak warming. Also in
Northern Europe over land, particularly TNn will be warmer than before the overshoot.
Over most other land regions, the coldest nights are projected to be cooler after the
overshoot as compared to before peak warming at the same GMST level. This features
appears to be quite robust across models over the Sahara (SAH), the Arabic peninsula
(ARP) and western central Asia (WCA).

Overall, the projections show a tendency towards warmer hot extremes and cooler
cold extremes as a result of the overshoot. For instance, over most African regions the
increase in TXx is not fully reversed after peak warming while the increase in TNn is
overcompensated in the period after peak warming.
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Figure 9. As figure [@ but for TXx

Intense precipitation increases around the globe as climate is warming. However,
climate model projections suggest, that these changes are not fully reversed when
the climate is cooling in an overshoot scenario. In many cases, changes in RX1day
after peak warming cannot be differentiated from natural variability while a robust
increase in RX1day is projected for the period before peak warming. These changes are
particularly consistent in East Asia (EAS) and South Asia (SAS) where also an increase
in annual precipitation is projected. As for precipitation (see section some of these
asymmetries in the evolution of extreme precipitation throughout the overshoot might
be a result of changes in aerosol concentrations.

Regions for which a drying effect of the overshoot is projected are likely to also
experience a reduction in intense precipitation (see WAF, CAF).

GFDL-ESM4 and MIROC-ES2L project a continued increase in extreme
precipitation for many regions around the globe (see figure and GFDL-ESM4 also
projects a continued decrease in extreme precipitation for Australia. The extreme
changes in these models can not be explained by changes in regional aerosol emissions
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Figure 11. As figure [4] but for RX1day

only. Changes in atmospheric circulation as a response to changes in SST patterns
might explain these changes. Note that the sensitivity to changes in precipitation and
extreme precipitation patterns varies strongly across models (compare (14| and .
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4. Discussion and conclusions

Climate projections of overshoot scenarios show that changes in regional climate
signals are not reversed in the decades after peak warming when a reduction in CO2
concentrations decreases global mean surface air temperature (GMST). The evolution
of regional climate signals throughout the overshoot is complex and in some regions
highly non-linear such that the dependence of regional temperature and precipitation
on GMST changes considerably around peak warming.

Our analysis of the SSP1-19 and the SSP5-34-OS scenario shows that different
regional temperature patterns would emerge for the period after peak warming. As a
result, at the same GMST level after peak warming, some regions are projected to be
considerably warmer or cooler after peak warming when compared to a period with
similar GMST levels before peak warming.

For the Southern Ocean and the South Atlantic models project that the warming
in the period before peak warming is not or only partially reversed afterwards. For the
North Atlantic the opposite behavior is projected. These changes can be explained by
the pattern effect for which the slow response to an increase in CO2 concentrations shows
a strong warming signal in the Southern Ocean [12]. Over land, most models project
that annual mean surface air temperatures follow closely GMST. There are however
also land regions where models consistently project cooler (northern Asia) or warmer
(southern Asia) temperatures.

The asymmetries in the evolution of regional climate signals throughout the
overshoot is more pronounced for precipitation than for temperatures and there are
only few regions for which models project that the changes before peak warming would
be robustly reversed after peak warming. There are however also a number of region-
model combinations where the analyzed periods before and after peak warming are too
short to robustly identify changes in precipitation.

For western Africa, climate models consistently project that the drying after peak
warming overcompensates the increase in precipitation before peak warming with some
models even projecting a continued drying in this region. These changes might be
related to the hysteresis in the inter-tropical convergence zone as reported by [10].

For East Asia, models consistently project an increase in precipitation in the period
before peak warming that is followed by continued increase or a weak decrease in
precipitation afterwards. As a result, we expect higher precipitation and particularly
more intense precipitation in the period after peak warming as compared to before peak
warming. These changes can be explained by the reductions in aerosol emissions in that
region that lead to a considerable increase in precipitation in the period approaching
net-zero emissions where aerosol emissions are reduced [21], 22], 23] 24].

Changes in aerosol concentrations are affecting precipitation (and temperatures)
globally by altering regional radiation balances and thereby also affecting circulation
patterns [25, 20, 27]. In an overshoot scenario, aerosol emissions are strongly reduced
until net-zero CO2 emissions are reached without major changes in aerosol emissions
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thereafter. As a result changes related to aerosol concentrations before peak warming
are without a counterpart in the period after peak warming leading to asymmetric
behaviors in regional climate signals [28].

Changes in seasonal climate signals as well as changes in climate extremes indices
are more pronounced than annual mean temperature or annual precipitation. Our
analysis suggests, that the increase in intense precipitation will not be reversed in the
decades following peak warming. Cold extremes are projected to be more colder in the
period after the overshoot over most land regions except high-latitude regions, where
differences in snow/ice coverage may lead to warmer TNn after overshoot. Hot extremes
are projected to be hotter over Africa and eastern Asia, while in the Arctic diverse
behaviors are projected. Further research on dynamical changes in atmospheric and
oceanic circulation would be required to get a better estimate on how weather extreme
events might change in a cooling climate.

The evolution of regional climate signals throughout the overshoot results from
the combination of different dynamic effects that potentially interact in complex ways.
The superposition of the instantaneous response to the reduction in greenhouse gas
concentrations after peak warming with the long-term and slow responses to the
emissions in the decades before peak warming [I3], [12] as well as the above mentioned
effects of aerosol emissions before peak warming lead to a shift in regional sea surface
temperature patterns. These changes have far reaching implications for atmospheric
circulation, moisture transport and thereby regional climate signals [29] 30, [31].

On top of these changes, local feedback mechanisms and changes in ecosystems
during the overshoot might have long-term effects for local and regional climatic
conditions. The representation of local effects such as changes in vegetation [32] or
permafrost [33] are still a challenge for Earth System models. We therefore expect that
Earth System models underestimate the impacts of an overshoot on regional climate.
For example, the projected warming for northeastern North America might cause further
local impacts on permafrost.

Climate model projection suggest that many impacts of an overshoot would not be
reversed and that especially impacts related to the water cycle such as water scarcity
or intense precipitation mainly scale with the intensity of the overshoot and not with
the GMST levels afterwards. The same could apply for temperature changes in hotspot
regions and other seasonal impacts. In combination with global or regional tipping
points [34, 35] and the uncertainties related to the effectiveness of methods to reduce
CO2 concentrations in the atmosphere our analysis adds to the reasons that irreversible
risks may be inferred by overshoots.
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9. Appendix

Figure 12. Regions as used in the 6th assessment report of the Intergovernemental
Panel on Climate Change.



This is a preprint. Submitted

ACCESS-ESM1-5 (1)

- before peer review

23

CESM2-WACCM (1) CanESMS5 (47)

o

PY
Py
@ ... .. s i o s @ D ™ e
oy aic@e - DO =)@ = =@ A = B o )
0 . 500
EC-Earth3 (15) EC-Earth3-Veg-LR (3) FGOALS-g3 (2)
o
A wly il N e Q..
P} F
® e
Sy A = B = ) Sy . e - Ehy P = B o )
® PY
PY &
. .. clen (D e @jow o R & ey
Py o)
®
s ws v @ DO s [ 0w o €)

Figure 13. Changes in

coloring of land-region hexagon and ocean-region circles follows the logic of table

annual surface air temperature around peak warming. The

Red (blue) colors indicate that the overshoot leads to warmer (cooler) local conditions.
If the inner part of a region is white (gray) it means that there is no robust trend after

(before) peak warming.
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Figure 14. As figure

but for annual precipitation.
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Figure 16. As figure

but for Tnn.
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